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Preface
The InternaƟonal Conference on CogniƟve Modeling (ICCM) is the premier conference for research on
computaƟonal models and computaƟon-based theories of human cogniƟon. ICCM is a forum for pre-
senƟng and discussing the complete spectrumof cogniƟvemodeling approaches, including connecƟon-
ism, symbolic modeling, dynamical systems, Bayesian modeling, and cogniƟve architectures. Research
topics can range from low-level percepƟon to high-level reasoning. In 2017 we for the first Ɵme jointly
held our conference with the Society for MathemaƟcal Psychology. The 15th ICCMwas held at the Uni-
versity of Warwick in Coventry, United Kingdom, on July 22nd-25th, 2017.
All papers and abstracts in the ICCM 2017 proceedings may be cited as follows:
Author, A., & Author, B. (2017). This is the Ɵtle of the paper. In M. K. van Vugt, A. P. Banks, & W.
G. Kennedy (Eds.), Proceedings of the 15th InternaƟonal Conference on CogniƟve Modeling (pp. 1-6).
Coventry, United Kingdom: University of Warwick.
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these conferences all together for the first Ɵme (Andrew Heathcote, Amy Criss, Frank RiƩer, and David
ReiƩer), the hard work of the oﬃcers of the SMP (Brent Miller, Leslie Blaha, Richard Golden, and ScoƩ
Brown), Leslie Blaha for helping with the grant applicaƟons, Jelmer Borst for design of the poster and
proceedings, University of Warwick staﬀ for making the conference tax exempt (Steve McGaldrigan
and Jonathan Pearce), the help ofWarwick PhD students onmany aspects of the conference (Alexandra
Surdina, Jake Spicer,MengranWang, and Jianqiao Zhu), and the event staﬃng byWarwickMSc students
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$1HXUDO$FFXPXODWRU0RGHORI$QWLVDFFDGH3HUIRUPDQFHRI+HDOWK\&RQWUROVDQG
2EVHVVLYH&RPSXOVLYH'LVRUGHU3DWLHQWV

9DVVLOLV&XWVXULGLVYFXWVXULGLV#JPDLOFRP
6FKRRORI&RPSXWHU6FLHQFH8QLYHUVLW\RI/LQFROQ
%UD\IRUG3RRO/LQFROQ/1768.



$EVWUDFW
$QWLVDFFDGH SHUIRUPDQFH LQ REVHVVLYHFRPSXOVLYH GLVRUGHU
2&' LV UHODWHG WR D G\VIXQFWLRQDO QHWZRUN RI EUDLQ
VWUXFWXUHV LQFOXGLQJ WKH SUHIURQWDO DQG SRVWHULRU SDULHWDO
FRUWLFHV EDVDO JDQJOLD DQG VXSHULRU FROOLFXOXV 3UHYLRXVO\
UHFRUGHG DQWLVDFFDGH SHUIRUPDQFH RI KHDOWK\ DQG 2&'
VXEMHFWV LV UHDQDO\]HG WR VKRZ JUHDWHU YDULDELOLW\ LQ PHDQ
ODWHQF\DQGYDULDQFHRIFRUUHFWHGDQWLVDFFDGHVDVZHOODV  LQ
VKDSH RI DQWLVDFFDGH DQG FRUUHFWHG DQWLVDFFDGH ODWHQF\
GLVWULEXWLRQV DQG LQFUHDVHG HUURU UDWHV RI 2&' SDWLHQWV
UHODWLYHWRKHDOWK\SDUWLFLSDQWV7KHQDZHOOHVWDEOLVKHGQHXUDO
DFFXPXODWRUPRGHO RI DQWLVDFFDGH SHUIRUPDQFH LV HPSOR\HG
WRXQFRYHUWKHPHFKDQLVPVJLYLQJULVHWRWKHVHREVHUYHG2&'
GHILFLWV7KHPRGHOVKRZVLLQFUHDVHGYDULDELOLW\LQODWHQF\
GLVWULEXWLRQV RI 2&' SDWLHQWV LV GXH WR D PRUH QRLV\
DFFXPXODWLRQ RI LQIRUPDWLRQ E\ ERWK FRUUHFW DQG HUURQHRXV
GHFLVLRQ VLJQDOV LL 2&' SDWLHQWV DUH almost DV FRQILGHQW
DERXW WKHLUGHFLVLRQVDVKHDOWK\FRQWUROV LLLFRPSHWLWLRQYLD
ORFDO ODWHUDO LQKLELWLRQ EHWZHHQ WKH FRUUHFW DQG HUURQHRXV
GHFLVLRQSURFHVVHVDQGnotDWKLUGWRSGRZQ6723VLJQDORI
WKH HUURQHRXV UHVSRQVH DFFRXQWV IRU ERWK WKH DQWLVDFFDGH
SHUIRUPDQFHRIKHDOWK\FRQWUROVDQG2&'SDWLHQWV
.H\ZRUGV (\H PRYHPHQWV VXSHULRU FROOLFXOXV FRPSXWHU
PRGHOUHVSRQVHLQKLELWLRQ2&'
,QWURGXFWLRQ
,QWKHDQWLVDFFDGHSDUDGLJPSDUWLFLSDWVVXSSUHVVDUHIOH[LYH
VDFFDGH HUURU SURVDFFDGH LQ IDYRU RI D VDFFDGH WR D
SRVLWLRQ LQ WKH RSSRVLWH KHPLILHOG FRUUHFW DQWLVDFFDGH
+DOOHWW$WOHDVWWZRSURFHVVHVWDNHSODFHGXULQJWKLV
SDUDGLJP  VXSSUHVVLRQ RU LQKLELWLRQ RI DQ HUURU
SURVDFFDGH WRZDUGV WKH SHULSKHUDO VWLPXOXV DQG 
JHQHUDWLRQRI DYROLWLRQDO VDFFDGH WR WKHRSSRVLWHGLUHFWLRQ
DQWLVDFFDGH (YHUOLQJ DQG )LVFKHU  0XQR] DQG
(YHUOLQJ  7KH UHDFWLRQ WLPHV 57 RI HUURU
SURVDFFDGHV DQWLVDFFDGHV DQG FRUUHFWHG DQWLVDFFDGHV WKH
HUURUUDWHWKHSHUFHQWDJHRIFRUUHFWHGHUURUVWKHDPSOLWXGH
RI DQWLVDFFDGHV DQG HUURU SURVDFFDGHV DQG WKH ILQDO H\H
SRVLWLRQ RI FRUUHFW UHVSRQVHV DUH VRPH RI WKH PHDVXUHV RI
DQWLVDFFDGH SHUIRUPDQFH +XWWRQ DQG (WWLQJHU  ZLWK
WKHHUURUUDWHEHLQJWKHPRVWUHOLDEOHPHDVXUHRILW$ODUJH
VWXG\ RI KHDOWK\ \RXQJ PDOHV KDV UHSRUWHG WKDW HUURU
SURVDFFDGHDQGDQWLVDFFDGH57VDUHKLJKO\YDULDEOHDQGWKH
HUURU UDWH LV DERXW  6P\UQLV HW DO 
(YGRNLPLGLVHWDO
$UHFHQWH[SHULPHQWDOVWXG\UHSRUWHGDQLQFUHDVHLQHUURU
UDWHV DQG LQ ODWHQF\ RI FRUUHFWHG DQWLVDFFDGHV LQ 2&'
SDWLHQWV 'DPLORX HW DO  7KH DQWLVDFFDGH
SHUIRUPDQFH GHILFLW LQ 2&' ZDV VSHFXODWHG WR EH GXH D
FRPPRQG\VIXQFWLRQDOQHWZRUNRIEUDLQVWUXFWXUHVLQFOXGLQJ
WKH SUHIURQWDO DQGSRVWHULRU SDULHWDO FRUWLFHV DQG VXSHULRU
FROOLFXOXV ,Q WKLV QHWZRUN WKHUH LV D UHSRUWHG GHILFLW LQ
HUURQHRXV UHVSRQVH LQKLELWLRQ FRQWURO &KDPEHUODLQ HW DO

0RGHOV RI GHFLVLRQ PDNLQJ LQYROYHV D JUDGXDO
DFFXPXODWLRQ RI LQIRUPDWLRQ FRQFHUQLQJ WKH YDULRXV
SRWHQWLDO UHVSRQVHV &XWVXULGLV HW DO  &XWVXULGLV
1RRUDQLDQG&DUSHQWHU&XWVXULGLVHWDO
 &XWVXULGLV   $V VRRQ DV WKH WDUJHW
DSSHDUV D GHFLVLRQ SURFHVV VWDUWLQJ DW VRPH EDVHOLQH OHYHO
7 UHSUHVHQWLQJ WKH SULRU H[SHFWDWLRQ EHJLQV WR ULVH DW D
FRQVWDQW UDWH U XQWLO LW UHDFKHV D WKUHVKROG 7K UHSUHVHQWLQJ
WKH FRQILGHQFH OHYHO UHTXLUHG EHIRUH WKH FRPPLWPHQW WR D
SDUWLFXODU FRXUVH RI DFWLRQ 2QFH 7K LV FURVVHG WKHQ D
UHVSRQVHWRZDUGVWKHWDUJHWLVLQLWLDWHG5HVSRQVHWLPH57
LVWKHWLPHIURPWKHRQVHWRIWKHGHFLVLRQSURFHVVWLOOZKHQ
WKHGHFLVLRQVLJQDOFURVVHV7K7KHUDWHRIULVHLVVRPHWLPHV
DVVXPHGWRYDU\UDQGRPO\IURPWULDOWRWULDOZLWKDPHDQȝ
DQG YDULDQFH ı 5HGGL DQG &DUSHQWHU  &KDQJHV LQ
WKHEDVHOLQHOHYHORIDFWLYLW\WKHUDWHRIULVHRUWKHWKUHVKROG
RIWHQ UHVXOW LQ FKDQJHV LQ UHVSRQVH ODWHQF\ 3ULRU
H[SHFWDWLRQDQGOHYHORIDFWLYDWLRQRILQWHQWLRQLQIOXHQFHWKH
EDVHOLQH OHYHOV RI DFWLYDWLRQ &DUSHQWHU  SURSRVHG LI
WKH FXPXODWLYH 57 GLVWULEXWLRQ LV SORWWHG DJDLQVW 57 RQ
UHFLSURELWVFDOH WKHQWKHUHVXOWLQJVWUDLJKW OLQHFDQEHXVHG
DV D GLDJQRVWLF WRRO WR DVVHVV WKH FRQWULEXWLRQ RI GLIIHUHQW
IDFWRUV LQIOXHQFLQJ WKH H[SHULPHQWDO UHVXOWV ,Q D FKRLFH
UHDFWLRQ WLPH WDVN VXFK DV WKH DQWLVDFFDGH SDUDGLJP WKH
YDULRXVFKRLFHVDUHUHSUHVHQWHGE\GLIIHUHQWVWUDLJKWOLQHV,I
WKH OLQHV VZLYHO E\ WKH WKUHVKROG 7K WKHQ WKH PHDQ DQG
YDULDQFHV RI WKH OLQHV DUH XQHTXDO 5HGGL DQG &DUSHQWHU
,I WKHOLQHVDUHVKLIWHGE\ȝWKHQWKHVORSHVıRI
WKHOLQHVDUHHTXDOEXWWKHLUODWHQF\PHGLDQVDUHQRW5HGGL
HWDO,IWKHOLQHVFURVVWKHQWKHVORSHVDUHQRWHTXDO
EXWWKHLUPHGLDQVDUH1DNDKDUDHWDO
,QWKHSUHVHQWVWXG\WKH&XWVXULGLVDQGFROOHDJXHV
PRGHO RI DQWLVDFFDGH SHUIRUPDQFH ZDV XVHG DQG H[WHQGHG
LQWRWKHUHDOPRI2&'3UHYLRXVO\UHFRUGHGHUURUUDWHVDQG
ODWHQFLHV RI KHDOWK\ DQG2&'SDUWLFLSDQWV 'DPLORX HW DO
(YGRNLPLGLV HW DO ZHUH UHDQDO\]HG WR VKRZ
WKDW 2&' SDWLHQWV GLVSOD\ KLJKHU HUURU UDWHV LQFUHDVHV LQ
PHDQ ODWHQF\ DQG YDULDQFH RI FRUUHFWHG DQWLVDFFDGHV DQG
JUHDWHU YDULDELOLW\ LQ VKDSH RI DQWLVDFFDGH DQG FRUUHFWHG
DQWLVDFFDGH ODWHQF\ GLVWULEXWLRQV UHODWLYH WR KHDOWK\
SDUWLFLSDQWV 7KH &XWVXULGLV DQG FROOHDJXHV  QHXUDO
PRGHO ZDV WKHQ HPSOR\HG WR GHFLSKHU WKH ELRSK\VLFDO
PHFKDQLVPVWKDWJDYHULVHWRWKHVHDQWLVDFFDGHSHUIRUPDQFH
85
GHILFLWV LQ 2&' 7KH PRGHO VKRZHG WKDW L LQFUHDVHG
YDULDELOLW\LQODWHQF\GLVWULEXWLRQVRI2&'SDWLHQWVZDVGXH
WR D PRUH QRLV\ DFFXPXODWLRQ RI LQIRUPDWLRQ E\ ERWK
SUHIURQWDO DQG SRVWHULRU SDULHWDO FHQWHUV UHSUHVHQWLQJ WKH
YROLWLRQDO FRUUHFW DQWLVDFFDGH DQG UHDFWLYH HUURQHRXV
SURVDFFDGHGHFLVLRQVLJQDOVUHVSHFWLYHO\LL2&'SDWLHQWV
ZHUH almost as confident DERXW WKHLU GHFLVLRQV DV KHDOWK\
FRQWUROVLHWKHGHFLVLRQWKUHVKROGOHYHO7KYDOXHLVDOPRVW
WKH VDPH LQ KHDOWK\ FRQWUROV DQG 2&' SDWLHQWV DQG LLL
FRPSHWLWLRQ EHWZHHQ WKH FRUUHFW DQG HUURQHRXV GHFLVLRQ
SURFHVVHVDQGnotDWKLUGWRSGRZQ6723RIWKHHUURQHRXV
UHVSRQVHDFFRXQWHGIRUWKHDQWLVDFFDGHSHUIRUPDQFHRIERWK
KHDOWK\FRQWUROVDQG2&'SDWLHQWV

0HWKRGV
([SHULPHQWDOGDWD
3DUWLFLSDQWV
7ZRJURXSVRILQGLYLGXDOVSDUWLFLSDWHGLQWKHVWXG\KHDOWK\
FRQWUROV DQG 2&' SDWLHQWV %RWK SDUWLFLSDQW JURXSV ZHUH
H[WHQVLYHO\ GHVFULEHG LQ WZR SUHYLRXVO\ SXEOLVKHG VWXGLHV
(YGRNLPLGLVHWDO'DPLORXHWDO

$QWLVDFFDGHWDVN
7KH DQWLVDFFDGH WDVN IRU WKH KHDOWK\ FRQWUROV DQG 2&'
JURXSV ZDV LGHQWLFDO WR WKH H[SHULPHQWDO SURWRFRO XVHG LQ
WKH(YGRNLPLGLVDQGFROOHDJXHVVWXG\6WLPXOLZHUH
GHOLYHUHGWKURXJKDLQFKFRPSXWHUVFUHHQ/&'ORFDWHG
P DZD\ IURP WKH OHYHO RI WKHLU H\HV 7KHLU KHDG ZDV
LPPRELOL]HG XVLQJ D FKLQ UHVW 6XEMHFWV ZHUH LQIRUPHG
DERXW WKH UHTXLUHPHQWV RI WKH DQWLVDFFDGH WDVN SULRU WR LWV
LQLWLDWLRQ $ FDOLEUDWLRQ SURFHGXUH ZDV SHUIRUPHG XVLQJ D
VHTXHQFH RI IRXU VDFFDGLF H\HPRYHPHQWV WZR WR WKH OHIW
DQG WZR WR WKH ULJKW RI D FHQWUDO IL[DWLRQ WDUJHW DW DQ
HFFHQWULFLW\RIGHJ7KLVSURFHVVZDVWKHQUHSHDWHGZLWK
H\HPRYHPHQWVSHUIRUPHGDWGHJIURPWKHIL[DWLRQSRLQW
'XULQJHDFKDQWLVDFFDGHWULDOSDUWLFLSDQWVZHUHLQVWUXFWHGWR
IL[DWHRQDFHQWUDOIL[DWLRQVWLPXOXVZKLWHFURVVR[R
RIYLVXDODQJOH$IWHUDYDULDEOHSHULRGRI±VWKHFHQWUDO
VWLPXOXV ZRXOG GLVDSSHDU DQG D SHULSKHUDO FXH WKH VDPH
ZKLWHFURVVZRXOGDSSHDUUDQGRPO\DWRQHRIILYHSRVLWLRQV
±RDWRLQWHUYDOVHLWKHURQWKHOHIWRURQWKHULJKWKDQG
VLGH RI WKH FHQWUDO IL[DWLRQ VWLPXOXV 7KH VXEMHFW ZDV
LQVWUXFWHGWRPDNHDVDFFDGHLQWKHRSSRVLWHGLUHFWLRQIURP
WKHSHULSKHUDOWDUJHW(DFKVXEMHFWSHUIRUPHGDQWLVDFFDGH
WULDOVWULDOVIRUHDFKFXHSRVLWLRQLQDUDQGRPL]HGRUGHU

(\HPRYHPHQWUHFRUGLQJVDQGDQDO\VLV
)RU WKH FRQWURO DQG 2&' JURXSV H\H PRYHPHQWV ZHUH
UHFRUGHG IURP WKH ULJKW H\H XVLQJ WKH ,5,6 6.$/$5
LQIUDUHGGHYLFH6WLPXOXVSUHVHQWDWLRQDQG UHFRUGLQJRI WKH
UHVSRQVHV ZDV DFFRPSOLVKHG ZLWK D SURJUDP ZULWWHQ LQ
7XUER3DVFDOIRU'26$ELW$'FRQYHUWHUZDVXVHG
IRU GDWD DFTXLVLWLRQ $GYDQWHFK 3&/DE &DUG / (\H
PRYHPHQWGDWDZHUHVDPSOHGDW+]DQGVWRUHGLQD3&
IRU RIIOLQH GDWD SURFHVVLQJ 'DWD SUHSURFHVVLQJ RI DOO
UHFRUGLQJVZDVFRQGXFWHGXVLQJDQ LQWHUDFWLYH3&SURJUDP
FUHDWHG XVLQJ WKH 7HVW3RLQW &(& 6RIWZDUH 7ULDOV ZLWK
DUWLIDFWVEOLQNVHWFLQWKHDQDO\VLVSHULRGRUZLWKDQ\W\SH
RI H\H PRYHPHQW LQ WKH SHULRG RI PV EHIRUH WKH
DSSHDUDQFH RI WKH SHULSKHUDO VWLPXOXVZHUH H[FOXGHG IURP
WKHDQDO\VLV(YGRNLPLGLVHWDO,QDGGLWLRQRQO\WKH
WULDOVZLWKUHVSRQVHODWHQF\ZLWKLQWKHZLQGRZRI±PV
ZHUH LQFOXGHG LQ WKH DQDO\VLV %DVHG RQ WKHVH FULWHULD
LQGLYLGXDOV ZKR SHUIRUPHG DW OHDVW  YDOLG DQWLVDFFDGH
WULDOVZHUHRQO\UHWDLQHG

0HWULFV
7KHH[SHULPHQWDOFRQWURODQGSDWLHQWVDFFDGHUHDFWLRQWLPHV
57V ZHUH GLYLGHG LQWR WKUHH EHKDYLRUDO FDWHJRULHV 
HUURU SURVDFFDGHV  DQWLVDFFDGHV DQG  FRUUHFWHG
DQWLVDFFDGHV6DFFDGHUHDFWLRQWLPH57ZDVGHILQHGDVWKH
WLPH LQWHUYDO IURP WKH RQVHW RI SHULSKHUDO VWLPXOXV WLOO WKH
WLPH RI WKH ILUVW GHWHFWDEOH H\H PRYHPHQW &RUUHFWHG
DQWLVDFFDGH57ZDVDVWKHWLPHEHWZHHQDQHUURUSURVDFFDGH
DQGWKHVXEVHTXHQWFRUUHFWHGDQWLVDFFDGH

1HXUDOPRGHO
7KHPRGHODQGLWVPDWKHPDWLFDOIRUPDOLVPZHUHH[WHQVLYHO\
GHVFULEHG LQ &XWVXULGLV HW DO  VWXG\ %ULHIO\ WKH
PRGHO ZDV D RQHOD\HU QHXUDO QHWZRUN RI WKH VXSHULRU
FROOLFXOXV 6&ZLWK ILULQJ UDWH QRGHV )LJ $ 7KH WRWDO
QXPEHU RI QRGHV LQ WKH QHWZRUN ZDV DVVXPHG WR EH 
6KRUWUDQJH ODWHUDO H[FLWDWLRQ DQG ORQJ GLVWDQFH ODWHUDO
LQKLELWLRQ ZDV DOVR DVVXPHG EHWZHHQ DOO QRGHV LQ PRGHO
7KH ODWHUDO LQWHUDFWLRQNHUQHOwij ZKLFKDOORZHG IRU ODWHUDO
LQWHUDFWLRQV EHWZHHQPRGHO QRGHVZDV D VKLIWHG*DXVVLDQ
ZKLFKGHSHQGHGRQO\RQWKHVSDWLDOGLVWDQFHEHWZHHQQRGHV
DQGLWZDVSRVLWLYHIRUQHDUE\QRGHVWRWKHQRGHDFWLYDWHGE\
WKHLQSXWDQGQHJDWLYHIRUGLVWDQWQRGHV)LJ%
0RGHOLQSXWVZHUHRI WZRW\SHVDUHDFWLYHLQSXW,U
ZKLFK UHSUHVHQWHG WKHHUURUSURVDFFDGHGHFLVLRQVLJQDODQG
LWZDVK\SRWKHVL]HG WRRULJLQDWH IURP WKHSRVWHULRUSDULHWDO
FRUWLFHV0XQR]DQG(YHUOLQJDQGDSODQQHGLQSXW
,S ZKLFK UHSUHVHQWHG WKH FRUUHFW DQWLVDFFDGH GHFLVLRQ
VLJQDO DQG LW ZDV RULJLQDWHG LQ WKHPRGHO IURP WKH IURQWDO
FRUWLFDO DUHDV 0XQR] DQG (YHUOLQJ  ,Q WKH PRGHO
HDFKLQSXWZDVLQWHJUDWHGLQRSSRVLWHPRGHOKDOIDFFRUGLQJ
WR WKHIROORZLQJZD\LI WKHUHDFWLYH LQSXWDFWLYDWHGDQRGH
DQG WZRRI HDFKQHDUHVW QHLJKERUV RQ HDFK VLGH LQ WKH OHIW
PRGHOKDOIWKHQWKHSODQQHGLQSXWDFWLYDWHGWKHPLUURUQRGH
DQGLWVWZRQHDUHVWQHLJKERUQRGHVRQHDFKVLGHLQWKHULJKW
PRGHO KDOI DQG YLFH YHUVD 7KH VWUHQJWKV RI WKH H[WHUQDO
LQSXWVZHUHQRWHTXDOIp!Ir
,QWKHPRGHOWKHUHDFWLYHLQSXWZDVSUHVHQWHGILUVWDWWLPH
W    PV IROORZHG E\ WKH SODQQHG LQSXW ZKLFK ZDV
SUHVHQWHGPV ODWHU W PV([SHULPHQWDOHYLGHQFH
%HFNHU  UHSRUWHG WKDW WKH GLIIHUHQFH LQ WKH DIIHUHQW
GHOD\VRIWKHUHDFWLYHDQGSODQQHGGHFLVLRQVLJQDOVLQSXWV
LVFORVHWRPV%RWKLQSXWVUHPDLQHGDFWLYHIRUPV
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5HVXOWV
$VLQWKH&XWVXULGLVDQGFROOHDJXHVPRGHOLQJVWXG\
WR ILW WKH H[SHULPHQWDO 2&' GDWD WZR PRGHO SDUDPHWHUV
ZHUH YDULHG WKH LQWHJUDWLRQ FRQVWDQW Ĳ DQG WKH WKUHVKROG
7K,QWKHPRGHOWKHLQWHJUDWLRQFRQVWDQWZDVDSDUDPHWHU
ZKLFKLQGLFDWHGKRZIDVWRUKRZVORZWKHQHXURQLQWHJUDWHG
LQIRUPDWLRQ $ ODUJH YDOXH RI Ĳ DOORZHG WKH QHXURQ WR
LQWHJUDWHLQIRUPDWLRQVORZO\$VPDOOYDOXHRIĲDOORZHGWKH
QHXURQWRLQWHJUDWHLQIRUPDWLRQIDVW
)LJXUH  $ 1HXUDO QHWZRUN PRGHO UHSULQWHG ZLWK
SHUPLVVLRQIURP&XWVXULGLVHWDOVWXG\%/DWHUDO
LQWHUDFWLRQ NHUQHOV: IRU QRGHV  DQG  PRGHOOHG DV D
VKLIWHG *DXVVLDQV UHSULQWHG ZLWK SHUPLVVLRQ IURP
&XWVXULGLVHWDOVWXG\7KHNHUQHOVIRUQRGHVDQG
ZHUH H[FLWDWRU\ IRU WKH QHDUE\QRGHV DQG LQKLELWRU\ IRU
WKHGLVWDQWRQHV &1HXURQDODFWLYLWLHVRIDOOQRGHV LQ WKH
QHWZRUN DV D IXQFWLRQ RI WLPH PV UHSULQWHG ZLWK
SHUPLVVLRQ IURP &XWVXULGLV HW DO  VWXG\ '
1HXURQDODFWLYLW\RIQRGHVDQGDVDIXQFWLRQRIWLPH
UHSULQWHG ZLWK SHUPLVVLRQ IURP &XWVXULGLV HW DO 
VWXG\ 1RGH  HQFRGHG WKH UHDFWLYH LQSXW HUURU
SURVDFFDGH DQG QRGH  HQFRGHG WKH SODQQHG LQSXW
DQWLVDFFDGH :KHQ ERWK DFWLYLWLHV FURVVHG WKH WKUHVKROG
GRWWHGKRUL]RQWDOOLQHWKHQDQH\HPRYHPHQWGHFLVLRQZDV
PDGH ,Q WKLV FDVH DQ HUURU SURVDFFDGH IROORZHG E\ D
FRUUHFWHGDQWLVDFFDGH
7KUHVKROG ZDV D PRGHO SDUDPHWHU WKDW LQGLFDWHG KRZ
FRQILGHQW WKH PRGHO ZDV WR PDNH D GHFLVLRQ :KHQ WKH
QHXURQDODFWLYLW\FURVVHGWKHWKUHVKROGVHH)LJ&WKHQD
GHFLVLRQZDVPDGHLHDQH\HPRYHPHQWZDVJHQHUDWHG
,QHDFKWULDOUXQWKH LQWHJUDWLRQFRQVWDQWĲYDOXHVRI WKH
WZR QRGHV WKDW HQFRGHG WKH HUURQHRXV SURVDFFDGH DQG WKH
DQWLVDFFDGH GHFLVLRQ VLJQDOV WRRN YDOXHV IURP WZR QRUPDO
GLVWULEXWLRQVZLWK GLIIHUHQWPHDQV DQG VWDQGDUG GHYLDWLRQV
7KH PRGHO ZDV WKHQ UXQ IRU  WULDOV ,Q HDFK WULDO WKH
HUURU SURVDFFDGH DQWLVDFFDGH DQG FRUUHFWHG DQWLVDFFDGH
ODWHQFLHVZHUH UHFRUGHG ,Q WKHPRGHO WKH HUURUSURVDFFDGH
UHDFWLRQ WLPH ZDV HVWLPDWHG DV WKH WLPH LQWHUYDO IURP WKH
RQVHWRIWKHUHDFWLYHLQSXWXQWLOWKHWLPHWKHDFWLYLW\RIWKH
7DEOH0RGHOSDUDPHWHUV
QRGHHQFRGLQJWKHUHDFWLYHLQSXWUHDFKHGDSUHVHWWKUHVKROG
7K SOXV DQ DGGLWLRQDO  PV )LJ ' 7KH DQWLVDFFDGH
UHDFWLRQ WLPH ZDV HVWLPDWHG DV WKH WLPH LQWHUYDO IURP WKH
RQVHWRI WKH UHDFWLYH LQSXWXQWLO WKH WLPH WKHDFWLYLW\RI WKH
QRGHHQFRGLQJWKHSODQQHGLQSXWUHDFKHGWKHWKUHVKROGSOXV
 PV )LJ ' 7KH FRUUHFWHG DQWLVDFFDGH UHDFWLRQ WLPH
ZDV WKH WLPH LQWHUYDO IURP WKUHVKROG FURVVLQJ RI WKH HUURU
QRGHDFWLYLW\XQWLOWKHWKUHVKROGFURVVLQJRIWKHFRUUHFWQRGH
DFWLYLW\
7R VLPXODWH WKH HUURU SURVDFFDGH DQWLVDFFDGH DQG
FRUUHFWHG DQWLVDFFDGH57 GLVWULEXWLRQV DVZHOO DV WKH HUURU
UDWHVRIERWKKHDOWK\FRQWUROVDQG2&'SDUWLFLSDQWJURXSV
WKH LQWHJUDWLRQ FRQVWDQWV Ĳ ȝ DQG ı IRU ERWK QRGHV WKDW
LQWHJUDWHG WKH UHDFWLYH ȝDQGı DQGSODQQHG ȝDQGı
LQSXWV ZHUH YDULHG VHH 7DEOH  IRU SDUDPHWHU YDOXHV ,Q
ERWKFRQGLWLRQV WKH WKUHVKROGYDOXHDWZKLFKDVDGHFLVLRQ
ZDVUHDFKHGSDUDPHWHU7KLQ7DEOHZDVVOLJKWO\KLJKHULQ
2&'SDWLHQWVWKDQLQKHDOWK\FRQWUROV7KHSDUDPHWHUYDOXHV
ȝıȝıDQG7K WKDWEHVW ILWWHG WKHH[SHULPHQWDOGDWD
ZHUH IRXQG YLD H[KDXVWLYH VHDUFK RI WKH SDUDPHWHU YDOXH
VSDFH 7KH UHPDLQLQJ PRGHO SDUDPHWHU YDOXHV ZHUH WKH
VDPH DV LQ &XWVXULGLV HW DO  VWXG\ 7KH VLPXODWHG
PHGLDQ 57V IRU WKH HUURU SURVDFFDGHV DQWLVDFFDGHV DQG
FRUUHFWLYH DQWLVDFFDGHV ZHUH  PV  PV DQG
PV UHVSHFWLYHO\ IRU WKHPRGHO FRQWUROV DQG
PVPVDQGPV UHVSHFWLYHO\ IRU WKHPRGHO
SDWLHQWV7KHVLPXODWHGPHGLDQ57YDOXHVDUHYHU\FORVHWR
WKH H[SHULPHQWDO RQHV VHH 7DEOH  7KH VLPXODWHG
FRHIILFLHQWV RI YDULDWLRQ &9V IRU WKH HUURU SURVDFFDGHV
DQWLVDFFDGHVDQGFRUUHFWHGDQWLVDFFDGHVZHUHDQG
 UHVSHFWLYHO\ IRU WKHFRQWUROVDQGDQG
UHVSHFWLYHO\ IRU WKH SDWLHQWV 7KH VLPXODWHG&9YDOXHV DUH
YHU\FORVHWRWKHH[SHULPHQWDORQHVVHH7DEOH
7R FRPSDUH WKH H[SHULPHQWDO DQG VLPXODWHG HUURU
SURVDFFDGH DQWLVDFFDGH DQG FRUUHFWHG DQWLVDFFDGH 57
GLVWULEXWLRQV IRU ERWK JURXSV KHDOWK\ FRQWUROV YV 2&'
SDWLHQWV , UHSOLFDWHG WKH PHDVXUHV UHSRUWHG LQ &XWVXULGLV
DQG FROOHDJXHV  VWXG\ )LUVW , HVWLPDWHG WKH
H[SHULPHQWDO DYHUDJH FXPXODWLYH GLVWULEXWLRQ IRU HUURU
SURVDFFDGHV DQWLVDFFDGHV DQG FRUUHFWHG DQWLVDFFDGHV  IRU
E R W K  K H D O W K \  F R Q W U R O V  D Q G  2&'  S D W L H Q W V  E \ 
R U J D Q L ] L Q J  W K H  57VIRUHDFKVXEMHFWFRQWUROVXEMHFWRU
2&' SDWLHQW LQ DVFHQGLQJ RUGHU DQG FDOFXODWLQJ  WKH
SHUFHQWLOHYDOXHVLQLQFUHPHQWVRIDW
7KH
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FDOFXODWHG SHUFHQWLOH YDOXHV IURP HDFK VXEMHFW ZHUH WKHQ
DYHUDJHG DFURVV HDFK VXEMHFW JURXS KHDOWK\ FRQWUROV RU
2&' SDWLHQWV WR JLYH WKH H[SHULPHQWDO DYHUDJH JURXS
SHUFHQWLOH YDOXHV IRU HUURU SURVDFFDGHV DQWLVDFFDGHV DQG
FRUUHFWHG DQWLVDFFDGHV ZKLFK ZHUH WKHQ SORWWHG LQ WKH
DYHUDJH FXPXODWLYH GLVWULEXWLRQ FRQWUROV YV SDWLHQWV VHH
OH I W  S OR WV  RI  ) LJV  $  %  DQG &   5DWF O L I I 
  VKRZHG WKDW WKH DYHUDJH GLVWULEXWLRQ UHWDLQV WKH
EDVLF VKDSH FKDUDFWHULVWLFV RI WKH LQGLYLGXDO GLVWULEXWLRQV
6HFRQG , UHSHDWHG WKH VDPH SURFHGXUH IRU WKH HUURU
SURVDFFDGH DQWLVDFFDGH DQG FRUUHFWHG DQWLVDFFDGH 57V RI
WKHYLUWXDOFRQWURODQG2&'VXEMHFWV7KHSHUFHQWLOHYDOXHV
ZHUH WKHQ DYHUDJHG DFURVV WULDO UXQV  WULDO UXQV IRU
HDFK VXEMHFW JURXS YLUWXDO FRQWURO VXEMHFW YV YLUWXDO2&'
SDWLHQWWRJLYHDYHUDJHVXEMHFWJURXSSHUFHQWLOHYDOXHV
&DUSHQWHU DQG :LOOLDPV  VKRZHG WKDW LI WKH
FXPXODWLYH 57 GLVWULEXWLRQ LV SORWWHG XVLQJ 57 LQ D
UHFLSURELW SORW WKHQ WKH 57V ZLOO IDOO RQ D VWUDLJKW OLQH
7KXVWKHDYHUDJHFXPXODWLYHGLVWULEXWLRQGDWDRI57HUURU
SURVDFFDGH DQWLVDFFDGH DQG FRUUHFWHG DQWLVDFFDGH IRU WKH
H[SHULPHQWDO DQG VLPXODWHG FRQWUROV DQG SDWLHQWV LQ D
UHFLSURELWSORWZHUH WUDQVIRUPHGVHH OHIWSORWVRI)LJV$
%DQG&$EHVWILWWLQJUHJUHVVLRQOLQHZDVFRPSXWHGIRU
HDFK EHKDYLRXUDO FDWHJRU\ HUURU SURVDFFDGH DQWLVDFFDGH
DQGFRUUHFWHGDQWLVDFFDGH LQHDFK VLPXODWHG VXEMHFWJURXS
VLPXODWHGFRQWUROVYVVLPXODWHGSDWLHQWV$Q5FRUUHODWLRQ
FRHIILFLHQW ZDV HVWLPDWHG WR DVVHVV KRZ JRRG ILW ZDV WKH
UHJUHVVLRQ OLQH VLPXODWHG GDWD WR WKH H[SHULPHQWDO GDWD
RSHQ FLUFOHV DQG GDUN VTXDUHV 7KH PRGHO ILW IRU HDFK
EHKDYLRXUDO FDWHJRU\ DQG IRU VXEMHFW JURXS ZDV H[FHOOHQW
FRUUHODWLRQ FRHIILFLHQW 5 ZDV  IRU HUURU SURVDFFDGHV
DQGDQWLVDFFDGHVDQGIRUFRUUHFWHGDQWLVDFFDGHV LQ WKH
KHDOWK\ FRQWURO JURXS DQG  IRU HUURU SURVDFFDGHV DQG
DQWLVDFFDGHVDQGIRUFRUUHFWHGDQWLVDFFDGHVLQWKH2&'
JURXS
7DEOH6LPXODWHGPHGLDQVDFFDGHUHDFWLRQWLPHVWKHLU
VWDQGDUG GHYLDWLRQV DQG FRHIILFLHQWV RI YDULDWLRQ &9 IRU
KHDOWK\ FRQWUROV DQG 2&' SDWLHQWV %ROG YDOXHV LQ
SDUHQWKHVHV FRUUHVSRQG WR H[SHULPHQWDOO\ HVWLPDWHGPHDQV
RI PHGLDQV RI VDFFDGH 57V WKHLU VWDQGDUG GHYLDWLRQV DQG
&9VIRUFRQWUROVDQGSDWLHQWV
'LVFXVVLRQ
:KDWKDYHOHDUQHGIURPWKHPRGHO
3UHYLRXVO\UHFRUGHGDQWLVDFFDGHSHUIRUPDQFHRIKHDOWK\DQG
2&' VXEMHFWV 'DPLORX HW DO  ZDV UHDQDO\]HG WR
VKRZ JUHDWHU YDULDELOLW\ LQ PHDQ ODWHQF\ DQG YDULDQFH RI
FRUUHFWHG DQWLVDFFDGHV DV ZHOO DV YDULDELOLW\ LQ VKDSH RI
DQWLVDFFDGH DQG FRUUHFWHG DQWLVDFFDGH ODWHQF\ GLVWULEXWLRQV
DQGLQFUHDVHGHUURUUDWHVRI2&'SDWLHQWVUHODWLYHWRKHDOWK\
SDUWLFLSDQWV $ QHXUDO DFFXPXODWRU PRGHO RI DQWLVDFFDGH
SHUIRUPDQFH LV WKHQ HPSOR\HG WR XQFRYHU WKH ELRSK\VLFDO
PHFKDQLVPVJLYLQJULVHWRWKHVHREVHUYHG2&'GHILFLWV7KH
PDMRU ILQGLQJ RI WKLV VWXG\ LV WKDW WKH EUDLQV RI 2&'
SDUWLFLSDQWVZKHQ WKH\SHUIRUPLQJ WKH DQWLVDFFDGH WDVN DUH
QRLVLHU WKDQ WKH EUDLQV RI KHDOWK\ FRQWUROV 7KLV QRLVH LV
UHIOHFWHGmostly LQ WKH UDWHRI DFFXPXODWLRQRI LQIRUPDWLRQ
ȝ DQG ı DQG less on WKH WKUHVKROG OHYHO 7K FRQILGHQFH
OHYHO UHTXLUHGEHIRUH FRPPLWPHQW WR DSDUWLFXODU FRXUVHRI
DFWLRQ$VZHFDQ VHH IURP7DEOHSDUDPHWHUVȝ DQGȝ
VHH7DEOHIRUYDOXHVDUHJUHDWHULQFRQWUROFRQGLWLRQWKDQ
LQ WKH 2&' FRQGLWLRQ PHDQLQJ WKDW HUURU SURVDFFDGHV
DQWLVDFFDGHVDQGFRUUHFWHGDQWLVDFFDGHVDUHVORZHULQ2&'
SDWLHQWV WKDQ LQ KHDOWK\ FRQWUROV 6LPLODUO\ ı DQG ı VHH
7DEOHIRUYDOXHVDUHVPDOOHULQKHDOWK\FRQWUROFRQGLWLRQ
WKDQLQWKHSDWLHQWRQHZKLFKPHDQV WKDWHUURUSURVDFFDGH
DQWLVDFFDGH DQG FRUUHFWHG DQWLVDFFDGH ODWHQFLHV DUH PRUH
YDULDEOH LQ 2&' SDWLHQWV WKDQ LQ KHDOWK\ SDUWLFLSDQWV  $
SK\VLRORJLFDO LQWHUSUHWDWLRQRI WKH YDULDELOLW\ LQ WKH UDWH RI
DFFXPXODWLRQ RI LQIRUPDWLRQ YDULDELOLW\ LQ SDUDPHWHU Ĳ LV
YDULDELOLW\ RI 10'$ EDVHG UDWH RI HYLGHQFH LQWHJUDWLRQ
&XWVXULGLV HW DO E([SHULPHQWDO /HZLV  DQG
FRPSXWDWLRQDO .DKUDPDQRJORX HW DO  VWXGLHV KDYH
VKRZQ WKDW 10'$ K\SRIXQFWLRQ LV LPSOLFDWHG LQ
QHXURGHJHQHUDWLYHGLVRUGHUVVXFKVFKL]RSKUHQLDDQG2&'
2Q WKH RWKHU KDQG WKH YDOXH RI 7K WKUHVKROG OHYHO LV
DOPRVW WKH VDPH LQ WKH 2&' SDWLHQW FDVH DV LQ KHDOWK\
FRQWURORQHPHDQLQJWKDWWKH2&'SDWLHQWVDUHDVFRQILGHQW
DERXWWKHLUGHFLVLRQVDVWKHKHDOWK\FRQWUROV
&RPSDULVRQZLWKRWKHUPRGHOV
$QLPSRUWDQWILQGLQJRIWKLVVWXG\LVWKHDEVHQFHRIDWKLUG
VLJQDO LQKLELWRU\ LQ QDWXUH QHFHVVDU\ WR SUHYHQW WKH HUURU
SURVDFFDGH IURP EHLQJ H[SUHVVHG ZKHQ WKH DQWLVDFFDGH
UHDFKHGWKHWKUHVKROGILUVW6XFKDWKLUGLQKLELWRU\VLJQDOKDV
EHHQ VSHFXODWHG WR H[LVW E\ 1RRUDQL DQG &DUSHQWHU 
 LQ WKH IRUP RI D ³VWRSDQGUHVWDUW´ PHFKDQLVP WKDW
SDUWLDOO\ FDSWXUHV WKH DQWLVDFFDGH SHUIRUPDQFH RI KHDOWK\
SDUWLFLSDQWV VHH WKH &XWVXULGLV   VWXGLHV IRU
FRQVWUXFWLYH FULWLTXHV RI 1RRUDQL DQG &DUSHQWHU 
PRGHOV,QIDYRURIWKHPDMRUILQGLQJRIWKHFXUUHQW
VWXG\ WKDW ³FRPSHWLWLRQYLD ORFDO ODWHUDO LQKLELWLRQEHWZHHQ
WKHFRUUHFWDQGHUURQHRXVGHFLVLRQSURFHVVHVDQGnotDWKLUG
WRSGRZQ6723VLJQDORI WKHHUURQHRXVUHVSRQVHDFFRXQWV
IRUERWKWKHDQWLVDFFDGHSHUIRUPDQFHRIKHDOWK\FRQWUROVDQG
2&' SDWLHQWV´ UHFHQW H[SHULPHQWDO HYLGHQFH KDV
GHPRQVWUDWHG WKDW ODWHUDO LQWHUDFWLRQV ZLWKLQ 6&
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LQWHUPHGLDWH VHJPHQW DUH PRUH VXLWDEOH IRU IDLWKIXOO\
DFFXPXODWLQJ VXEWKUHVKROG VLJQDOV IRU VDFFDGLF GHFLVLRQ
PDNLQJ 3KRQJSKDQSKDQHH HW DO  $QRWKHU
H[SHULPHQWDO VWXG\ E\ (YHUOLQJ DQG FROOHDJXHV 
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